Spectroscopic and laser properties of Nd 3þ doped potassium borate glass have been studied for different Nd 3þ concentrations ranging from 0.5 to 2.0 mol%. From the absorption spectra, optical band gaps (E opt ) and various spectroscopic parameters (E 1 , E 2 , E 3 , x 4f and a) are determined. Using Judd-Ofelt intensity parameters W 2 , W 4 and W 6 , radiative lifetimes (t R ), branching ratios (b) and integrated absorption cross sections (S) have been calculated for certain excited states of Nd 3þ for all the Nd 3þ concentrations. From the spectral profiles of the hypersensitive transition, it is observed that there is slight change in the environment of Nd 3þ ion in different concentrations of Nd 3þ doped potassium borate glass. The radiative lifetimes (t R ) for certain excited levels are minimum when the concentration is high. From the emission spectra, peak wavelengths (l p ), effective line widths (Dl eff ) and stimulated emission cross-sections (s p ) have been obtained for the three transitions 4
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Introduction
Glasses are attractive materials for industrial applications, as they can be cast in large, optically homogeneous pieces. Rare earth doped glasses have been widely studied for optical telecommunication [1] and laser technology [2] . The effect of host matrix on the local environment of a given rare earth cation with its first nearest neighbour anions can be elucidated with Judd-Ofelt [3, 4] theory using optical absorption spectra. Binnemans et al. [5] gave optical properties of Nd 3þ doped fluorophosphate glasses. Li et al. [6] reported the spectroscopy of neodymium (III) in alumino-borosilicate glasses. Spectroscopic properties of Nd-doped glass for 944 nm laser emission have been given by Lu and Dutta [7] . Naftaly and Jha [8] studied Nd 3þ doped fluoroaluminate glasses for 1.3 mm amplifier. Das Mohapatra [9] studied the spectroscopy of Nd 3þ and the effect of Ce 3þ ion impurity on its spectroscopic properties in calcium metaphosphate glass. Ravikanth kumar and Bhatnagar [10] studied the effect of modifier ions on the covalency of Nd 3þ ions in cadmium borate glasses. In the present work, we report the spectroscopic and laser properties of Nd 3þ doped potassium borate glass in different Nd 3þ concentrations. The Judd-Ofelt theory has been applied to interpret the local environment and bond covalency, studying changes in the experimentally fitted Judd-Ofelt intensity parameters. This article also gives information about the relation between intensity of the hypersensitive transition and intensity parameters. Our main interest in the present study is to examine the variation of optical band gaps, Judd-Ofelt intensity parameters, peak to peak intensity ratios, the shape of the spectral profiles of emission spectra and emission properties with various Nd 3þ concentrations. In the recent past, we have reported the results on spectroscopy of Nd 3þ doped different chlorophosphate glasses and borate glasses [11, 12] .
Experimental
The rare earth doped borate glasses were prepared using appropriate amounts of H 3 BO 3 , K 2 CO 3 and Nd 2 O 3 of high purity (99.99%). The raw materials were thoroughly mixed and ground in an agate mortar in 10 g batches. The mixture was then melted in a porcelain crucible at 850 C. The melts were kept at their melting temperatures for about 30 min with occasional stirring to ensure homogeneity. Then the melt was quickly quenched between two tiles (optically polished ceramic slabs). Glass samples of about 1 mm thickness and 1 cm diameter were obtained. Special care was taken to see that these glass discs were not exposed to moisture by keeping in liquid paraffin containers. Optically transparent glasses were selected for optical studies. The systems studied in the present work are 80H 3 BO 3 þ (20--x)K 2 CO 3 þ xNd 2 O 3 (x ¼ 0.5, 1.0, 1.5 and 2.0).
The glass densities were determined by using the Archimedes principle with xylene as the immersion liquid. The refractive indices of the above glasses were measured on an Abbe refractometer using 1-mono-bromonaphthalene as adhesive coating. Optical absorption spectra of these samples were recorded using Hitachi U-3400 spectrophotometer. The luminescence spectra were taken on Midac-FT photoluminescence spectrophotometer.
Theory
The measurement of optical absorption and the absorption edge is important in connection with the theory of the electronic structure of amorphous materials. The position of absorption edge and hence the value of optical band gap was found to depend on the glass composition. The absorption edge of non-metallic materials gives a measure of energy gap. Mott and Davis [13] gave the following forms of absorption co-efficient a(w) as a function of photon energy hw for direct and indirect transitions.
For direct transitions
where n = 1/2 for allowed transitions, B is a constant and E opt is the direct optical band gap. For indirect transitions
where n ¼ 2 for allowed transitions and E opt is the indirect optical band gap. Using the above two equations, one can find the optical energy band gaps (E opt ) for direct and indirect transitions. The transition energies for Nd 3þ were fitted with energy parameters using the Hamiltonian
where H e corresponds to interaction between pairs of electrons expressed in terms of the Racah para-
, H so and H 0 signify spin-orbit coupling (x) and configuration interactions (a) respectively. The energy, E J , of the J-th level may be written in a Taylor's series expansion [14] as 
, E
3 , x 4f and a), experimental and calculated transition energies are described in our earlier papers [11, 12] .
The experimental oscillator strengths (f exp ) were calculated as described earlier [11] . In the present work, the intensities of all the absorption bands have been measured using the area method. The uncertainties in the measurement of experimental oscillator strengths were estimated to be AE5% for intense transitions and AE10% for weak transitions. According to Judd-Ofelt theory [11] the oscillator strength of a transition between an initial J manifold (S, L) J and a final
where n is the mean energy of the transition, kU l k 2 represents the square of the reduced matrix elements of the unit tensor operator kU l k connecting the initial and final states. The matrix elements are calculated in the intermediate coupling approximations. Because of the electrostatic shielding of the 4f electrons by the closed 5p shell electrons, the matrix elements of the unit tensor operator between two energy manifolds in a given rare earth ion do not vary significantly when it is incorporated in different hosts. Therefore, the squared reduced matrix elements of the unit tensor operator kU l k 2 are taken from the literature [11] .
Substituting the 'f exp ' for 'f cal ' and using the squared reduced matrix elements, T l parameters are obtained using least square fit method. The three intensity parameters W 2 , W 4 and W 6 , which are characteristic of a given rare earth ion in a given matrix are obtained from
From these W l parameters, radiative transition probabilities (A), radiative lifetimes (t R ), branching ratios (b) and integrated absorption cross sections (S) have been calculated.
Results and discussion

Optical band gaps
The optical band gap values (E opt ) are measured for both direct and indirect transitions for different concentrations of Nd 3þ doped potassium borate glasses. These values are 2.62, 2.71, 2.55 and 2.15 eV for direct transitions and 3.31, 3.30, 2.99 and 2.91 eV for indirect transitions for 0.5, 1.0, 1.5 and 2.0 mol% of Nd 3þ concentrations. It is observed that the optical band gap values decrease with the increase of rare earth ion concentration for indirect transitions. For direct transitions also, E opt values are decreasing with increasing Nd 3þ concentration. But for 1.0 mol% of Nd 3þ , it was not followed.
Energy levels
Optical absorption spectrum of Nd 3þ doped potassium borate glass with 1.5 mol% of Nd 3þ is shown in Fig. 1 . Though the spectral intensities are slightly changes with concentration, the shape of the spectra is similar for all the concentrations. Hence they are not shown. The experimental and calculated energies of certain excited levels of Nd 3þ ion are presented in Table 1 
Spectral intensities
The experimental (f exp ) and calculated (f cal ) spectral intensities of different absorption bands of Nd 3þ have been obtained and are presented in Table 2 . The rms deviations between the experimental and calculated values are very low confirming the validity of Judd-Ofelt theory. The spectral intensities of most of the bands are low in glasses containing 0.5 mol% of Nd 3þ and are higher in glasses contain- Table 3 . These parameters depend on host glass composition [15] . Normally, W 2 indicate covalencey of metal ligand bond and W 4 and W 6 are related to the rigidity of the host matrix. In the present work, W 2 exhibits a maximum for 0.5 mol% of Nd 3þ doped glass and a minimum for 1.5 mol% of Nd 3þ glass. It indicates that high covalency (low ionicity) between neodymium cation and oxide anion and to a relatively high symmetry of the local surroudings of the neodymium ion in 0.5 mol% Nd 3þ glass. The differences in W 2 parameter should therefore be attributed to the dominant site symmetry and covalency effects. W 4 and W 6 values exhibit minimum in 0.5 mol% of Nd 3þ glass and maximum in 2.0 mol% of Nd 3þ glass. For Nd 3þ ion, 4 I 9/2 ! 4 G 5/2 þ 2 G 7/2 is the hypersensitive transition. It will follow the selection rules, DJ 2, DL 2 and DS ¼ 0. Normally the intensity parameter W 2 which indicates covalency, decreases or increases with the intensity of the hypersensitive transition [16] . In the present work also, the W 2 [21] parameter decreases with the decrease of intensity of hypersensitive transition for 0.5, 1.0 and 1.5 mol% of Nd 3þ glasses. Instead of observing the variation of W 2 alone with the intensity of hypersensitive transition, Oomen and Van Dongen [17] suggested that the intensity of the hypersensitive transition vary with the sum of the intensity parameters (SW l ). In the present work, SW l decreases with the decrease of intensity of hypersensitive transition. The Judd-Ofelt intensity parameters W 2 , W 4 and W 6 and the sum of the intensity parameters (SW l ) for all these glasses along with the other different hosts are presented in Table 3 . From the table it is observed that SW l values decreases with increasing average molecular weight of the glass i.e., for Li, Na, K and Ca borate glasses. But for lead borate glass it was not followed.
The peak to peak separation between the hypersensitive 4 G 5/2 ! 4 I 9/2 transition and the 2 G 7/2 ! 4 I 9/2 transition in all the absorption spectra of Nd 3þ doped glasses decreases with increasing of Nd 3þ concentration. Judd [18] suggests that the appearance of the spectral profile of the hypersensitive transition is strongly affected by changes in the symmetry of the crystalline field acting on the rare earth ion. A difference in the shape of this transition indicates a difference in the environment of Nd 3þ ion. In the present work, though the spectral profiles of the hypersensitive transition shows small changes for different rare earth ion concentrations, the other two bands showing differences in the spectral profiles for different concentrations thus conforming that the crystal field asymmetry is different. Similar results have been observed by Gatterer et al. [16] in the case of sodium borate and sodium silicate glasses.
Radiative properties
Electric dipole line strengths (S ed ), radiative transition probabilities (A rad ), radiative lifetimes (t R ), branching ratios (b) and integrated absorption cross sections (S) for the excited states 4 excited states, the lifetimes are decreased with the increase of rare earth ion concentration. In fluoroarsenate glass [19] also, the radiative lifetime of the excited level, 4 F 3/2 is decreasing with the increase of Nd 3þ concentration at room temperature, at 4.2 K and also at 77 K. The increase in lifetimes with increasing Nd 3þ concentration may be attributed to radiation trapping, and the decrease in lifetimes with Nd 3þ concentration may result from concentration quenching. The branching ratio, b is given by A/A T , where A is the transition probability for the transition and A T is the total transition probability from the relevant excited state. A higher b signifies a higher stimulated emission cross section. Excited level 0.5 mol% 1.0 mol% 1.5 mol% 2.0 mol% 
Luminescence spectra
The luminescence spectrum of Nd 3þ doped potassium borate glass with 1.5 mol% of Nd 3þ concentration in the region 800-1500 nm under excitation wavelength 514 nm of Ar 3þ laser is shown in Fig. 2 . The spectra of other concentrations are not shown as they are in similar shape. In the emission spectra of Nd 3þ , a broad band at 880 nm, a strong band at 1058 nm and another band at 1330 nm are identified. These bands are assigned to the transitions 4 The intensity parameters obtained from the optical absorption spectra have been used to determine the radiative properties. 
Conclusions
The optical band gap values (E opt ) for indirect transitions are decreased with increasing Nd 3þ concentration in potassium borate glass. The Judd-Ofelt theory is found to describe well the spectral intensities of the transitions of Nd 3þ in this glass. The higher value of W 2 parameter indicates higher covalency between the neodymium cation and the oxide anions in 0.5 mol% Nd 3þ doped glass. From the spectral profiles of the hypersensitive transition, it is observed that the environment of Nd 3þ ion is slightly different for different Nd 3þ concentrations. The radiative transition probabilities, radiative lifetimes and branching ratios are calculated using the intensity parameters obtained from the absorption spectra. Radiative lifetimes of certain excited states decrease with increasing rare earth ion concentration. The lifetimes are minimum in the case of 2.0 mol% of Nd 3þ in potassium borate glass. Branching ratios and integrated absorption cross sections are compared for certain transitions of Nd 3þ in all the glasses. From the luminescence spectra, peak wavelengths, observed branching ratios and emission cross sections are obtained for the three transitions Acknowledgements The author YCR expresses his thanks to UGC for providing the financial assistance in the form of research scheme. He also expresses his thanks to the Head, Department of Physics, S.V.U.P.G. Centre, Kavali for providing the necessary facilities in execution of the above work. 
